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ABSTRACT
Wetzstein, Branson S. Genetic Analysis of the Rare, Colorado Endemic Rocky Mountain
Monkeyflower, Mimulus gemmiparus. Unpublished Master of Science thesis,
University of Northern Colorado, 2022.

Mimulus gemmiparus is a rare, Colorado endemic plant which possesses a limited range,
strict habitat requirement, and unique life history. Most peculiarly, Mimulus gemmiparus
seemingly relies entirely on clonal spread using vegetative propagules known as brood bulbils to
persist year to year. This inconspicuous annual is only found within a narrow range of
Colorado’s Rocky Mountains, possessing a total known range of about 2500 km2. There are
currently 11 known natural populations of Mimulus gemmiparus spread across three general
regions: North (Larimer, Boulder, and Grand Counties), Central (Clear Creek and Jefferson
Counties), and South (Jefferson County). Lack of sexual reproduction, disjunct populations, and
threats such as recreation and climate change have raised conservation concern for Mimulus
gemmiparus. Genetic analysis using a Next Generation Sequencing technique, double digest
RADseq, was employed in this study to assess if Mimulus gemmiparus is genetically imperiled.
To assess the full range of diversity for the species, all 11 known populations of Mimulus
gemmiparus were sampled resulting in a genome wide data set consisting of 278 individuals and
8,011 single nucleotide polymorphisms. When allowing for slight variance (242 mutational
steps) of ramets belonging to the same genet which are accrued via technical error and somatic
mutation, all 278 sampled individuals in the dataset were assigned to 33 clones. Strong regional
structure was found with the North region comprised of two clones, the Central region comprised
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of two clones, and the South region comprised of 29 clones. No clones were shared among
regions and only three populations were found to possess more than a single clone. Two
populations from the South region possessed the vast majority of the species’ clonal diversity
while essentially all other populations were monoclonal. Ultimately, genetic analysis revealed
that Mimulus gemmiparus possesses an extremely low genetic breadth and an incredibly uneven
distribution of genetic diversity. The patterns observed in this study suggest that there should be
four management units: the North region, the Central region split into population pairs, and the
South region. The South region should be the highest conservation priority considering the
greatest amount of genetic diversity is located there. Based on the genetic data, Mimulus
gemmiparus should also be reevaluated for listing under the Endangered Species Act of 1973 as
the total reliance on clonality, limited genetic diversity, and uneven genetic structuring imply the
species is genetically imperiled.
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CHAPTER I
OVERVIEW OF RESEARCH
Introduction
Now more than ever, the threat of species decline caused by human influence on the
environment has become increasingly clear. Both directly and indirectly, the actions of humans
have resulted in loss of habitat, overexploitation, species invasions, pollution, climate change,
and so forth, causing significant losses of plant and animal species (Ceballos et al., 2017; Knapp
et al., 2020). The collective extinction rate of all species is suggested to be 1000 times higher
than the natural background rate of extinction and is predicted to become more severe without
significant changes to human activity (De Vos et al., 2015). While the stoppage or reversal of
human activities that increase extinction rates would be an ideal solution from a conservation
perspective, relying solely on a solution such as this would be fool worthy. From 1990 to 2015
over 1.6 M km2 of natural land was lost due to human expansion and habitat modification, and
the rate of loss is shown to be increasing over the last 25 years (Theobald et al., 2020). With no
signs of human expansion slowing, prioritizing various conservation activities provides a means
to insulate species from the increased extinction risk. Commonly employed conservation
strategies include habitat management, ex situ conservation, increasing public awareness,
enacting laws and regulations, demographic surveys, and research.
Within research, conservation genetics is an important area of study which seeks to aid in
the conservation of biodiversity by applying genetic knowledge, to reduce the risk of species and
population extinction. The data generated through conservation genetics research aids in
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understanding the evolutionary history and genetic processes occurring within and among
populations of species. Molecular techniques yield data revealing patterns of gene flow and
genetic diversity while also identifying issues such as inbreeding and genetic bottlenecks
(DeSalle & Amato, 2009). Using genetic knowledge, management decisions can be made which
aim to conserve the genetic health of species through the targeted maintenance of genetic
diversity and interconnected populations. Management for genetic diversity is a primary concern
when dealing with changing environmental conditions as genetic diversity directly translates to
evolutionary potential. Species or populations which possess greater levels of genetic diversity
are more likely to respond to novel conditions or stressors than those with less diversity
(Frankham, 2005); this can largely be attributed to selection acting on genes already present in
the gene pool at the time of disturbance. Metaphorically, managing for genetic diversity is like
managing for a diverse toolbox; the greater a species’ genetic “toolbox”, the greater chance for it
to respond to novel conditions (Angeloni et al., 2012). Genetic data is especially helpful when
addressing rare, threatened, and endangered species which lack intensive study. Not only does
genetic data provide baseline information for a species but it also reveals patterns that are
difficult or impossible to observe otherwise (e.g., genetic structure, gene flow, genes undergoing
selection, etc.). Likewise, it is beneficial when dealing with species which possess disjointed and
small populations, as these types of population structures are more vulnerable to disturbance
events and genetic erosion – i.e., inbreeding, genetic drift, etc. (Leroy et al., 2018).
One such species that stands to benefit from genetic analysis is the Rocky Mountain
monkeyflower, Erythranthe gemmipara (W.A. Weber) G.L. Nesom & N.S. Fraga (Phrymaceae),
formally and more commonly known as Mimulus gemmiparus (Barker et al., 2012; Weber,
1972). This inconspicuous annual is endemic to a narrow range of Colorado’s Rocky Mountains,
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possessing a total known range of about 2500 km2 (CNHP, 2017). There are currently 11 natural
(Figure 1) and eight created populations of M. gemmiparus, which are distributed across three
general areas: North (Larimer, Boulder, and Grand Counties), Central (Clear Creek and
Jefferson Counties), and South (Jefferson County). Relative to its range, the total land area
occupied by M. gemmiparus is extremely limited; surveys conducted by Mark Beardsley and
David Steingraeber in 2005 indicate a total land area occupied of 168 m2 and a highly variable
range of individuals per population – as low as 73 plants to as many as 102,000 plants (Decker,
2006). This survey data preceded the discovery of a relatively large population found several
years later; however, it still exemplifies the limited range of the species as well as the variability
of patch size.

Figure 1
Map of All Extant, Natural Populations of Mimulus gemmiparus

Note. Populations belonging to the North, Central, and South regions are indicated by brackets.
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Mimulus gemmiparus also possesses a truly unique life history in which it functionally
acts as an annual, flowers rarely in the wild, and persists primarily through the spread of
vegetative propagules (Beatty et al., 2003). While clonal propagation gives a species the ability
to persist when sexual reproduction is not viable and can be considered a short-term advantage
evolutionarily, there is concern that prolonged clonal propagation can increase a species’ risk of
extinction due to genetic erosion and reduced potential to adapt to change (Wilcock, 2002).
Genetic erosion in small, asexual populations can occur as a consequence of environmental or
demographic stochasticity causing losses of genotypes from the population. As a result, the
population possesses less genetic variability leaving it less equipped to adapt when conditions
change. This cycle can continue until only a single genotype remains, and the population
eventually goes extinct because it is no longer able to survive under current conditions.
Another issue asexual populations face is known as Muller’s Ratchet or the inability to
purge deleterious mutations. In the absence of recombination, offspring will be genetically
identical to the parent organism except for any mutations that have occurred. Although beneficial
mutations exist and are the cornerstone of adaptive evolution, most mutations impart a neutral or
deleterious effect on a species’ fitness (Charlesworth and Charlesworth, 1998). In both asexual
and sexual populations, an extremely deleterious mutation can be eliminated from the gene pool
quickly if it prevents the production of a subsequent generation; however, neutral or slightly
deleterious mutations can persist and be passed to the next generation. Through recombination,
sexual populations that have accumulated mutations can produce offspring which do not possess
the mutational load of their parents. Asexual populations, however, continually produce
propagules which possess the same or greater mutational loads as former generations. At the
same time, stochastic forces such as genetic drift act on the population eventually causing the
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extinction of genotypes. In the absence of recombination, the extinction of genotypes is
irreversible; further, the population’s fitness is permanently reduced as the most fit genotypes are
eliminated. Consequently, Muller’s Ratchet explains the interaction of an irreversible, forever
increasing mutational load and genetic drift in asexual populations causing an eventual spiral
into extinction (Muller, 1964).
Due to its lack of sexual reproduction, dependence on vegetative spread, and limited
distribution, M. gemmiparus is situated in a potentially vulnerable position concerning the
persistence of the species long term. Likewise, the species is threatened by recreational activities
and landscape level disturbance such as wildfires and hydrological shifts (CNHP, 2017; Beatty et
al., 2003). Knowing the threats that M. gemmiparus faces as well as its potential genetic
imperilment, it is paramount to develop an understanding of how genetic diversity is partitioned
across the species’ range and discover to what extent populations are interacting with one
another. This knowledge is key to the successful management of this species and ensuring the
best chance for its continued survival.
Erythranthe
The genus Erythranthe (L.) G. L. Nesom is a diverse grouping of 111 species commonly
described as monkey or musk-flowers. The vast majority of plants placed in this genus inhabit
western North America, but members can also be found to a lesser extent throughout the
Americas and in eastern Asia (Barker et al., 2012; Nesom, 2012, 2013). The members of
Erythranthe share the traits of axile placentation and long pedicles; likewise, members of the
genus generally inhabit moist soils and possess flowers which are some combination of yellow,
red, violet, and pink but few other unifying traits exist across the genus (Barker et al., 2012;
Nesom, 2014a, 2014b). Members of Erythranthe formerly belonged to the genus Mimulus as
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detailed below. Mimulus has been considered a model system for ecological and genomic studies
due to expressing a wide range of habitat adaptation, floral evolution, and reproductive strategies
(Wu et al., 2008). The incredible diversity found in the genus make it an interesting study area
but also makes generalizing members nearly impossible.
The taxonomic description for monkeyflowers has seen a significant amount of revision
in light of results from recent phylogenetic studies. Originally, monkeyflowers were assigned to
the genus Mimulus in the family Scrophulariaceae (Beatty et al., 2003; Weber, 1972). However,
a series of molecular phylogenetic studies conducted in the early 2000s revealed that Mimulus,
along with several other genera, more closely aligned to the family Phrymaceae (Beardsley &
Barker, 2005; Beardsley & Olmstead, 2002; Beardsley et al., 2004). Following the
monkeyflower’s familial revision, a conspectus split the genus Mimulus into 13 distinct genera
and four clades (Barker et al., 2012). Of the original 188 species that once made up Mimulus, the
vast majority of species now belong to either Diplacus (46 species) or Erythranthe (111 species);
only seven species remain in Mimulus. The genus Mimulus was maintained, containing species
that are primarily Old World where the name had priority. Other than a small group of Australian
genera which form a sister clade with Mimulus, the remainder of the species are from New
World clades and were assigned new names (Barker et al., 2012). Ultimately, the conspectus
assigned the former M. gemmiparus to a unique section within Erythranthe – Erythranthe sect.
Semigemma - making its official taxonomic description Erythranthe gemmipara (W.A. Weber)
G.L. Nesom & N.S. Fraga (Barker et al., 2012). Despite being published in 2012, the adoption of
the new Erythranthe nomenclature has been slow and has received some push-back, largely
predicated on two main arguments: 1) Mimulus has considerable biological significance due to
the high degree of research in the genus making it highly recognized within several scientific

7
communities; therefore, new naming conventions could cause disruption; and 2) the primary
justification for splitting Mimulus is based on placing species with distinct morphological traits
into unique genera which could have been similarly accomplished by making subgenus level
distinctions (Lowry et al., 2019). Although these concerns were addressed in a response by
Nesom et al. (2019), the usage of Mimulus as a broad genus for monkeyflowers is still
predominantly being used in the literature. For the purposes of this research, M. gemmiparus will
be used instead of the new naming convention; the reasoning for this decision is based entirely
on the continued, local usage of M. gemmiparus as a way of addressing the species – particularly
usage by those responsible for the management of the species. Ultimately, the names E.
gemmipara and M. gemmiparus are synonymous and have no impact on circumscription. As this
research will be used to help inform management decisions, it is logical to use the naming
convention most familiar to those managers.
Mimulus gemmiparus
Despite being discovered by Ruth Ashton Nelson in 1950, M. gemmiparus was not
officially described until 1972 by William A. Weber (Beatty et al., 2003; Weber, 1972). This
species is described as a functionally annual herb which is only above ground for one to two
months from late June to mid-August (CNHP, 2017). Both the stem and the leaves are glabrous,
and the ovate leaves of M. gemmiparus, which are shorter than its internodes, measure between
10 mm long and 7 mm wide, and possess an opposite arrangement (Weber, 1972). The plant is
usually small and inconspicuous, only reaching heights of 1 to 10 cm (Weber, 1972); however,
several individuals were observed reaching heights closer to 30 cm at a particularly productive
population, Corral Dome (Personal observation, June, 2021).
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As for the growth pattern, M. gemmiparus grows most commonly in tightly clustered,
mat-like colonies (Figure 2). The arrangement of the plant itself follows a pattern of two leaves
and four axillary buds produced at every node along the length of the stem. Beginning at the
third node, the proximal bud is enclosed by the leaf’s petiole forming M. gemmiparus’s
characteristic feature, the brood bulbil (Chu, 2016; Figure 3). The bulbil acts as the species’
primary mode of propagation, creating a fully formed plantlet ensheathed by the petiole through
the process of organogenesis. While bulbil formation can be observed in other species, the
saccate form of the petiole which acts as a pseudo-seed coat for the propagule is unique to M.
gemmiparus (Chu, 2016; Harden, 2017). The protective coating of the petiole allows the
vegetative propagules to act in a similar fashion to seeds; the parent senesces causing the bulbils
to fall to the soil which then overwinter forming new plants the following year. Little is known
about the ability of bulbils to persists in the soil for more than a single year. In greenhouse
experiments, bulbils have been shown to germinate at moderate rates after one to two years of
room temperature storage and showed low to no germination after three years of storage (Beatty
et al., 2003). While these results indicate that soil propagule storage is possible, the greenhouse
conditions are vastly different than what bulbils experience in natural populations. Because
bulbils have been shown to need to maintain a high moisture content, the shallow soils M.
gemmiparus is typically found in is thought to limit the ability of the species to form a significant
propagule bank (USFWS, 2020b). The petiole coat protects and aids the bulbil during dispersal
events which are thought to occur either by water or wind (Beatty et al., 2003; Moody et al.,
1999). There is also potential for animal vectors to transport bulbils due to the rough surface of
propagules. Long distance dispersal events are thought to be rare, and the vast majority of bulbils
most likely remain within a few meters of the parent plant. Despite the supposed rarity of
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dispersal events, M. gemmiparus’s ability to spread through solitarily bulbils means that only a
single, successful propagule would be required to colonize a new patch or introduce a new
genotype to an existing patch (Beardsley & Steingraeber, 2013; Beatty et al., 2003).

Figure 2
Patch of Mimulus gemmiparus Under a Rocky Overhang
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Figure 3
Brood Bulbil of Mimulus gemmiparus

Although thought to infrequently flower in nature, M. gemmiparus is known to produce
solitary flowers from terminal or axillary buds. The bilabiate flower is yellow, may possess
patterns of red spotting, and are about 5 mm long (Beatty et al., 2003; Chu, 2016; Figure 3).
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Despite traditional assumptions that flowering only rarely occurs in the wild, an abundance of
flowers was found at seven of the 11 natural populations in 2021 (Personal observation, Summer,
2021; Figure 4). Sexual reproduction is thought to be rare or non-existent in natural populations
for this species and no fruits were observed at natural populations in 2021. Plants grown in
greenhouse conditions have successfully been pollinated and produced sexually viable offspring
(Beatty et al., 2003). When flowers are successfully pollinated, M. gemmiparus produces a
capsule containing seeds similar to M. guttatus and M. floribundus. Dispersal of seeds would
occur after the capsule dehisces and releases the seeds; seeds would then likely disperse through
similar vectors as the bulbils – wind and water (Beatty et al., 2003). Despite sexual reproduction
being theoretically possible, it has never been observed in nature; instead, M. gemmiparus relies
seemingly on its brood bulbils for propagation.

Figure 4
Patch of Mimulus gemmiparus Flowering at Corral Dome
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Mimulus gemmiparus is endemic to Colorado and is only found within a relatively small
area, 2,519 km2, of the Southern Rocky Mountains’ Front Range (CNHP, 2017). Across its
range, only 11 natural populations are currently known. These populations are distributed across
three general areas: North (Larimer, Boulder, and Grand Counties), Central (Clear Creek and
Jefferson Counties), and South (Jefferson County) (Figure 1). Compared to its range, the actual
space occupied by populations of M. gemmiparus is strikingly small; the total land area occupied
is estimated at a mere 168 m2 - excluding the Corral Dome population which had not been
discovered at the time of the survey (Decker, 2006). The small area occupied by this species can
be somewhat explained by its patch-like distribution and strict habitat requirement. Mimulus
gemmiparus is found in montane to subalpine elevations – 2560 to 3390 m – and require very
moist conditions such as those associated with seeps, springs, or wet banks. It often occurs in
patches under rocky outcrops and granite overhangs where few other plant species are present
(Beatty et al., 2003). Mimulus gemmiparus is associated with spruce-fir-aspen communities
which often contain other species of Mimulus such as M. guttatus and M. floribundus that can
occupy the same growing space as M. gemmiparus; likewise, different species of mosses,
liverworts, algae, and ferns can also occupy the same space (Beatty et al., 2003).
There also exists non-natural, planted populations of M. gemmiparus established during
an assisted migration project, bringing the gross number of known populations to 19 (USFWS,
2020b). New patches were established using greenhouse propagated bulbils in locations with
similar habitat conditions as native populations. The stock was sourced from natural populations,
specifically Saint Vrain, Guanella Pass, Black Mountain, Elk Creek, and Hankins Gulch, and
care was taken to establish new patches using bulbils propagated from its closest parent
population (Beardsley, 2017). In total, 46 patches were established as a result of this project, but
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success of the patches was mixed. As a general rule, patches established closer to natural
populations fared better than those planted at greater distances. As of a 2017 survey, 31 of the
newly established patches were thought to be viable for long-term persistence (Beardsley, 2017).
Originally six new populations were established during the assisted migration project; however,
only one of those populations, Lost Creek, is expected to persist long term (Beardsley, 2017).
Most of the successful established patches were at locations that already had natural populations
present. While these established patches are without a doubt beneficial for the continued
persistence of M. gemmiparus, this thesis is concerned strictly with the natural populations of the
species and will exclude them from further discussion.
Concerning the patch structure of M. gemmiparus, the number of individuals per
population and patches within populations is highly variable. Similarly, the number of
individuals present year to year at the same patch is variable due to recruitment success. Patches
have been surveyed having as few as four plants in some years while others have been estimated
to exceed 10,000 plants (Beardsley, 2017; Beatty et al., 2003). Patch size varies but is typically
smaller than 1 m2, and individuals in patches are frequently tightly clustered with different
patches of plants scattered across an area (Figure 5). Clusters of plants are considered different
patches if they are separated by at least 3 m (Beardsley, 2017). Due to the combination of
appropriate habitat, competitive pressure, and propagule dispersal, M. gemmiparus exists as
small, discrete patches littered across the landscape occupying a significantly smaller land area
relative to its range.
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Figure 5
Distance Photo of 4 of 5 Known Natural Patches at Corral Creek

Note. Inset photo shows what the far right patch looks like up close.

Conservation and Management Status
The conservation status of M. gemmiparus has changed several times since it was first
ranked as a Category 2 candidate by the United States Fish and Wildlife Service (USFWS) in
1980 (USFWS, 2020a). Category 2 candidates were species which protection under the
Endangered Species Act (ESA) of 1973, as amended, was thought to be warranted but sufficient
data to support listing was not available. The USFWS ultimately discontinued the category
program in 1996, eliminating candidate species from ESA consideration (Beatty et al., 2003).
Currently, M. gemmiparus is considered a G1 critically imperiled species according to the
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NatureServe Global Conservation status rankings. Species with this designation are considered to
be at a high risk of extinction due to a very restricted range, very few occurrences, very steep
declines, very severe threats, or other factors (NatureServe, 2022). Mimulus gemmiparus is also
listed as a U.S. Forest Service Region 2 sensitive species; species with this designation are those
that show evidence of decline and potential sensitivity to management activities conducted by
the Forest Service (USFS, 2005). Mimulus gemmiparus was later considered again for listing as
an endangered or threatened species under the ESA of 1973, as amended, following a petition by
the WildEarth Guardians in 2011; however, it was officially deemed not warranted for listing on
December 3, 2020. This decision was based on the anticipation that M. gemmiparus will
continue to have populations resilient enough to withstand catastrophic events and be able to
adapt to environmental change in the future (USFWS, 2020a).
The populations of M. gemmiparus are scattered across a variety of landowners: United
States Forest Service (Pike-San Isabel National Forest, Arapahoe-Roosevelt National Forest),
National Park Service (Rocky Mountain National Park), and Colorado Parks and Wildlife
(Staunton State Park). As a result, management of M. gemmiparus is also spread out across
several governing bodies and individuals therein. Although M. gemmiparus does not receive the
standardized federal protection that species receive from being listed under the ESA, it does
receive some general protections that all plants on federal lands receive and benefits from
conservation strategies designed to protect sensitive species (Beatty et al., 2003). On all federal
lands, the National Environmental Policy Act requires assessments to be conducted prior to
activities that impact that environment. On U.S. Forest Service land specifically, Biological
Evaluation assessments are required when projects will impact sensitive species, sensitive plants
may not be collected without permit, and vehicle use is limited to established roads. Vehicle use
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is likewise restricted in wilderness areas, and the National Park Service also restricts the
collection of native plant species without written permission (Beatty et al., 2003).
Threats
At the species level, the only threat that the U.S. Fish and Wildlife Service currently
recognizes to M. gemmiparus is climate change. Usually, biologically small population sizes are
also considered a threat; however, the U.S. Fish and Wildlife Service feels that small population
sizes are not a considerable threat to M. gemmiparus since it has always existed that way.
Similarly, through discovery and establishment of new populations, the estimated number of
ramets has increased from approximately 125,000 ramets in 2005 to over 14,000,000 ramets in
2017 alleviating concerns of low population size. On a per population basis, the current
recognized threats are recreational activities, such hiking and mountain climbing, as well as trail
and road maintenance and construction (USFWS, 2020b). These types of threats have the
potential to be extremely disruptive due to M. gemmiparus’s tendency to grow in dense clusters
within small areas; even a relatively small, localized disturbance event could eliminate hundreds
to thousands of ramets (Beardsley & Steingraeber, 2013). Ecological fluctuations – primarily fire
– also threatens the longevity of the species (Beatty et al., 2003; USFWS, 2020b). Fire occurred
near Hankins Gulch, Corral Dome and Corral Creek in 2002 during the Hayman Fire, but
populations were luckily spared from any direct fire damage and were not impacted by any
subsequent flood damage following the fire (Beardsley & Steingraeber, 2013). More recently,
the Northern Inlet population was located within the boundaries of the East Troublesome Fire
(2020); however, no immediate consequences to the population were observed (Personal
observation, June, 2021). Fire, like climate change, possesses the ability to indirectly influence
ecological fluctuations which could disturb historic hydrological patterns, topography, shading,
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soils, and so forth (Beatty et al., 2003). Because M. gemmiparus has been shown to have strict
microhabitat requirements, changes to existing habitat are the chief concern for the long-term
persistence of the species (Beatty et al., 2003; Harden, 2017; USFWS, 2020b).
Metapopulation Dynamics
Understanding if and how metapopulations dynamics are occurring across the range of
M. gemmiparus and the patches nested within populations will provide invaluable insight for
management decisions moving forward. Typically, a metapopulation refers to a population of a
species which is composed of several interacting but geographically nonadjacent subpopulations.
Local individuals, or those belonging to a subpopulation, possess the ability reproduce over
distance or move to subpopulations within the metapopulation network. Some subpopulations
may die out, with the potential to be recolonized via other subpopulations at some time in the
future. This allows for the maintenance of effectively larger populations without the need for
individuals to be centrally located. Consequently, metapopulations should provide the advantage
of increased genetic diversity via gene flow while also insulating subpopulations from higher
levels of intraspecific competition and threat of localized extinction from stochastic events.
Metapopulation dynamics are concerned with how exactly the subpopulations are
interacting with one another; this is commonly evaluated through demographic and genetic
means with a focus on some combination of colonization, migration, and extinction (Husband &
Barrett, 1996). Importantly, the metapopulation network does not consist solely of habitat
occupied by a species, but it also includes areas which could potentially be colonized.
Metapopulation dynamics, then, are not so much concerned with a specific point in time but,
instead, seek to elucidate long-term trends of extinction and colonization (Beardsley &
Steingraeber, 2013). Moreover, metapopulation dynamics can broadly reveal the likelihood of
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population persistence and more narrowly identify key units within the network – such as sole
linkage points, source populations, and hotspots of genetic diversity. Understanding these
interactions is especially helpful in species which possess small population sizes as they are more
likely to experience demographic stochasticity resulting in the local extinction of populations or,
in the case of M. gemmiparus, patches (Beardsley & Steingraeber, 2013). In M. gemmiparus
specifically, metapopulation dynamics seem to be more likely to occur among patches at
populations rather than among populations. At the regional level, populations of M. gemmiparus
are most likely not acting as metapopulations due to the distance between the North, Central and
South population units. Similarly, stable metapopulation dynamics among populations within the
regions are thought to be unlikely due to the poor dispersal mechanisms of the species
(Beardsley & Steingraeber, 2013). While these scenarios should not be ruled out, nearly all the
discussion of metapopulations in M. gemmiparus is concerned with patches within a population.
Across the range of M. gemmiparus, only two populations, Saint Vrain and Corral Dome,
are thought to possess the necessary topography and patch structure suitable for metapopulation
dynamics. Both of these populations consist of patches situated on large rock faces with running
water present which can move bulbils into nearby, downhill patches and to potentially new,
unoccupied habitat (Beardsley, 2017; Figure 6). The crux of sustained metapopulation dynamics
in both of these populations probably relies on the persistence of patches at the highest points of
the rock faces, since those patches potentially act as the bulbil source for the patches below.
However, as illustrated at Corral Dome (Figure 6), many sites are inaccessible due to terrain so
the exact abundance and potential connections among patches is uncertain. Unless a new
mechanism for dispersal is discovered, the only consistent way for bulbils to move more than a
couple centimeters from its parent is the downhill movement of water which severely limits
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metapopulation dynamic potential at populations with no running water or available downhill
habitat (Beardsley & Steingraeber, 2013). For example, no matter the bulbil yield for the patches
sampled at Corral Dome, (Figure 6, Black Circles), no suitable habitat has been observed
downhill so excess bulbils are presumably lost.

Figure 6
Photo of the Corral Dome Population

Note. The yellow line indicates the perimeter of Corral Dome; hundreds of patches of M.
gemmiparus are estimated to exist within this 16 acre area (USFWS, 2020b). The black circles
indicate locations where M. gemmiparus was sampled for this project. The blue circles are areas
where M. gemmiparus was observed but were inaccessible due to the terrain.

Clonality
When discussing clonal species, it is important to understand how exactly terminology is
used. Terms such as genet, ramet, and clone are used frequently and can have slightly different
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meanings depending on the author and the species of study. Traditionally, two main terms, ramet
and genet, are used to describe the genetic relationship of clonal organisms. A ramet is defined as
a physiological individual, produced by clonal propagation, which is genetically identical to its
progenitor but does not need to be physically connected. A genet refers to the entire genetic
individual or collective grouping of ramets which originated after a sexual reproduction event.
Using this terminology, a clone would then refer to a genet composed of multiple individual
ramets derived from a parent or ancestral plant. A more nuanced understanding of clonality
allows for ramets to be slightly different accounting for somatic mutation and genotyping errors
(Tsujimoto et al., 2020). This definition of clonality is especially useful when analyzing genetic
data using modern, high-throughput techniques. At high resolutions, somatic mutations and
genotyping errors will make purely clonal individuals appear different and can lead to an
overestimation of truly unique genets, or clones, in a population (Burrell et al., 2015). Others
have adopted newer terminology such as clone mates and clonal lineages (Balloux et al., 2003;
Burrell et al., 2015) or multilocus genotypes (MLG) and multilocus lineages (MLL) (Bailleul et
al., 2016) in order to recognize genetic differences in ramets but maintain their relationship at the
genet or clone level. Considering M. gemmiparus is considered to have a high mutational rate
(Suni, 2004) and a high-throughput method of genetic sequencing will be utilized for genetic
analysis, considerations must be made here to decide what terminology for clonality is most
appropriate moving forward. Although the new terms described previously could be adopted,
these terms are not uniformly used across clonal studies and are not universally understood like
the traditional terms. Consequently, the most parsimonious solution would be to continue using
the basic ramet, genet, and clone nomenclature with the caveat of slight genetic variation
between ramets within a single genet being permitted.
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Because M. gemmiparus exhibits little to no sexual reproduction, a genetic approach is
the ideal method to identify distinct clones; however, certain challenges need to be addressed to
properly analyze genetic data of a clonal species. Foremost, the method that is being used in this
study to generate genetic data from the sampled plants utilizes a polymerase chain reaction
(PCR) amplification process designed to replicate the relatively small amount of extracted DNA
into a pool suitable for sequencing. During the PCR replication process, it is possible to
accumulate copying errors which can introduce an artificial bias to a sample. More specifically,
PCR errors can cause an overrepresentation of mutations and novel alleles (Burrell et al., 2015;
Potapov & Ong, 2017). Thus, the errors falsely inflate genetic diversity and identification of
distinct clones; the amount of error introduced from PCR amplification usually does not
misconstrue data enough to lead to false conclusions about relationships but could be
problematic in species with small populations or that possess low genetic diversity (Burrell et al.,
2015; Cummings et al., 2010). Because M. gemmiparus is assumed to be clonal and most
populations are small, precautions should be taken to estimate the amount of PCR error in the
samples so that analysis can be adjusted later to remove bias. This will prove to be especially
important when determining the number of unique clones as copy errors can cause genetically
identical individuals to be interpreted as being different.
Another issue concerning genetic studies of clonal species arises in the method used to
analyze the genetic data. Modern population genetics studies employ various methods to analyze
genetic markers in order to ascertain differences among members of a species; these methods can
roughly be split into two groups: low-throughput or high-throughput methods. Low-throughput
methods employed for population genetics studies are commonly associated with analysis of
small data sets of genetic markers (e.g. microsatellites, allozymes, etc.) while the most common
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high-throughput method is Restriction-site-Associated DNA sequencing (RADseq) (Andrews et
al., 2016; Davey & Blaxter, 2010). RADseq provides the benefit of quickly generating a much
larger and robust Single Nucleotide Polymorphism (SNP) data set; however, it likewise produces
greater amounts of missing data which creates an issue for clonal evaluation. Data generated
through low-throughput methods typically lacks significant amounts of missing data but only
produces a fraction of the data set that RADseq can provide making it less desirable for many
population genetics studies (Davey & Blaxter, 2010). Missing data can be dealt with in a few
ways; most commonly it is removed or imputed in some way (Meirmans, 2020). When only
small amounts of missing data are present in a data set, data imputation allows for greater
retention of good data providing greater coverage; however, this method is problematic when
false differences have a strong impact on analysis – i.e. species with low genetic diversity and
clone determination. Removing or subsetting the data only to include good data can be
acceptable if removal does not significantly reduce coverage. Although not as common, some
analyses choose to treat missing data as a fifth state (e.g. A, T, C, G, and “X”) which will inflate
estimations of diversity within the sampled populations. While this method could be useful in
data sets with limited missing data, this approach is only appropriate = where overestimating
genetic diversity is acceptable. This is not a preferred method for threatened species since
overestimating genetic diversity leads to inflated ideas of evolutionary potential.
Need for Genetic Analysis
No published genetic work exists which solely concerns itself with M. gemmiparus. A
phylogenetic study published in 2004 sampled chloroplast DNA and two regions of nuclear
rDNA of nearly all Mimulus species in western North America, including M. gemmiparus, and
the study found that M. gemmiparus is genetically isolated and does not closely align with other
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Mimulus species based on molecular data (Beardsley et al., 2004). This work has superseded
previous ideas that M. gemmiparus might be closely related to M. guttatus, M. glabratus, or M.
alsinoides (Beatty et al., 2003). Although unpublished, a study conducted as part of an
undergraduate thesis analyzed levels of genetic diversity from six populations of M. gemmiparus
using an amplified fragment length polymorphism (AFLP) technique. The results of this study
showed that M. gemmiparus exhibits levels of genetic diversity typical of outcrossing plants and
that the majority of diversity is within populations as opposed to among populations. These
results are surprising for a species thought to spread asexually, suggesting that some mechanism
is driving M. gemmiparus’s increased diversity; the author suggests that the most probable cause
is a high mutation rate (Suni, 2004).
A better genetic understanding of the full range of M. gemmiparus populations is integral
to the long-term success of the species. The research presented in this thesis provides a robust
analysis of the genetic processes that the monkeyflower is experiencing. It will inform managers
about the level of genetic diversity found in the species, its populations, and patches, which will
allow for concentrated management efforts to preserve diversity. Reduced evolutionary potential
is a marked concern for clonal species because their effective genetic diversity is much lower
than one would expect based on population size. Similarly, a lack of knowledge of the extent of
clonality can lead to the issue of overestimating the number of unique genetic individuals
(Bradbury et al., 2016). Conservation of genetic diversity in clonal species can increase their
ability to withstand threats associated with habitat modification (climate change, etc.); clonal
species have a reduced potential to adapt since they lack sexual recombination so preserving the
diversity already present is critical (Sofi et al., 2021). This study will also reveal if there is any
inbreeding occurring throughout the populations. Although sexual reproduction is thought to be
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rare, detection of inbreeding, or any instances of sexual recombination for that matter, will be an
important discovery. Inbreeding depression caused by mating of genetically similar individuals
has long been documented to have a negative impact on fitness (Charlesworth and Charlesworth,
1987).
Research Questions
The goal of this research was to primarily help inform future management decisions for
M. gemmiparus by presenting a thorough genetic overview of the species using RADseq, a highthroughput, Next Generation Sequencing method. To accomplish this, six questions are
investigated in Chapter 2:
Q1

Is M. gemmiparus a valid taxon?

Q2

Does M. gemmiparus exhibit clonal spread?

Q3

How is genetic diversity partitioned across the range of M. gemmiparus and
should different regions be treated as separate management units?

Q4

What is the level of genetic diversity contained within patches and populations
composed of multiple patches?

Q5

Is there evidence of inbreeding within populations and patches?

Q6

Do populations and patches function as a genetic metapopulation?

In Chapter 3, a synthesis of all the findings are presented, and recommendations for
conservation strategies are offered with special care taken to address the current concerns of the
United States Fish and Wildlife Service.
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CHAPTER II
GENETIC ANALYSIS OF THE RARE, COLORADO ENDEMIC
ROCKY MOUNTAIN MONKEYFLOWER,
MIMULUS GEMMIPARUS
Introduction
Even using conservative assumptions, anthropogenic activities are responsible for
elevating extinction rates vastly above the natural background rate of extinction, signaling
biodiversity crisis often referred to as the sixth mass extinction (Ceballos et al., 2017). Recent
studies suggest that seed plants are currently experiencing extinction rates anywhere from 500
(Humphreys et al., 2019) to 1,000 (Pimm et al., 2014) times the normal background rate of
extinction and that 39% of all vascular plant species face extinction threats (Nic Lughadha et al.,
2020). While estimates for the rate and severity of extinction vary, species decline and, therefore,
loss of biodiversity are undeniably a conservation crisis which require immediate action.
Unfortunately, many rare or threatened species lack the necessary biological data needed to
inform management decisions.
Although many forms of conservation focused observation and research exist, molecular
methods utilized in population genetics are particularly capable of quickly generating
population-wide data and revealing patterns, such as genetic diversity and genetic structure,
which are otherwise unobservable. For the purposes of conservation, genetic diversity and
understanding how it is partitioned across a species’ range is necessary for accurate
determination of a species’ representation and, indirectly, redundancy and resiliency to novel
conditions – e.g. climate change and habitat modification (Moyer et al., 2019). These three
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metrics – resiliency, representation, and redundancy – are the means by which the United States
Fish and Wildlife Service evaluates species for the Endangered Species Act of 1973, as amended
(USFWS, 2020a). At the population level, resiliency describes the ability of a species to
withstand stochastic disturbance and is positively related to population size and growth. At the
species level, representation describes the ability of a species to adapt to changing environmental
conditions over time; this metric is characterized by the breadth of genetic and environmental
diversity within and among populations. Redundancy describes the ability of a species to
withstand catastrophic events and how risk is spread out among populations in the case of such
events; redundancy is measured by population number, spatial extent and connectivity. Genetic
analysis can address all of these to some extent but most directly addresses representation. In
general, genetic diversity is an important metric in conservation because it serves as an analog to
evolutionary potential; high levels of genetic diversity are associated with greater potential to
respond to environmental change, reducing extinction risk (Frankham, 2005). At the same time,
rare and threatened species are prone to occurring in narrow ranges and small, isolated
populations (Buira et al., 2020), which are associated with reduced genetic diversity (Frankham,
1996) and an increased likelihood of stochastic loss. The effects of genetic erosion – genetic
drift, increased selfing, and inbreeding – are exacerbated in small populations (Honnay &
Jacquemyn, 2007) decreasing the adaptive potential of effected species and increasing their
extinction risk (Szczecińska et al., 2016).
Understanding life history is also an essential component of conservation, and the
particular strategies a species utilizes to survive and reproduce will significantly alter how
species are managed. For example, different combinations of five major life history traits
(breeding system, seed dispersal, life form, geographic range, and taxonomic status) have been
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shown to impact genetic diversity and structure (Hamrick & Godt, 1996). Understanding the
genetic implications associated with life history strategies can inform management decisions for
species that are understudied and provide researchers with a general idea of what genetic patterns
should be observed in a species. Deviation from expected genetic patterns can lead to discovery
of unique life history strategies and allow management to be adapted to better fit the needs of
conservation targets. One such life history strategy that significantly alters typical patterns of
genetic diversity and structure is clonality.
Clonality in plants is not an uncommon trait; asexual propagation can be seen in nearly
all classes of vascular plants with nearly half of vascular plant families possessing clonal
mechanisms (Callaghan et al., 1992). Clonality, however, is a broad term. There exists a wide
array of clonal growth strategies each possessing unique developmental rules and evolutionary
histories (Herben & Klimešová, 2020). Likewise, asexual propagation and sexual reproduction
are not binary states in which species must perform only one; many flowering plants are capable
of both, diversifying the ecological conditions in which a species can exist (Barrett, 2015). Thus,
the type and prevalence of clonality expressed by a species is a critical component in the
formation of genetic patterns observed and in conservation strategies to maintain that diversity.
At a basic level, clonal organization in plants recognizes clonally derived, physiologically
independent individuals (ramets) which all share the same genotype (genet). This unique
structure – the sharing of a genotype across several independent individuals – and the ability of
clonal organisms to spread using vegetative propagules when sexual reproduction is not viable,
forms the basis for the short-term evolutionary benefits of clonality. Clonal spread is associated
with increased mobility, persistence, ability to colonize disturbed areas, and reduced risk of
genotype loss (Callaghan et al., 1992). However, reliance on and prolonged periods of clonality
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are associated with increased extinction risks due to the compounding effects of genetic erosion
and the inability to adapt as environmental conditions change (Wilcock, 2002). Similarly, small
populations of clonal species experience the effects of Muller’s Ratchet which slowly
deteriorates fitness levels as the synergistic effects of genetic drift and an ever-increasing
mutational load leave only genotypes with an excess of deleterious mutations in the gene pool
(Muller, 1964). Although infrequent instances of sexual recombination can relieve many genetic
issues associated with clonality, extended periods of clonality can result in reduced fertility or
even loss of sexual ability via increased mutation loads (Barrett, 2015). All things considered,
clonal tendencies in plants may not single-handedly indicate genetic imperilment; however,
purely clonal spread alongside other notable risks such as small, isolated populations and
endemism should raise conservation concerns.
One such clonal species of concern is the Rocky Mountain monkeyflower, Mimulus
gemmiparus W.A. Weber (Phrymaceae). This species is an inconspicuous annual endemic to
Colorado nestled within the Front Range of the Rocky Mountains. The plant is rare; only 11
natural populations are known to exist and the vast majority of these populations are composed
of a collection of small, dense patches growing in moist seeps, outcrops, and rocky overhangs
(Beatty et al., 2003). In addition to its strict habitat requirement, it also possesses a unique life
history in which it undergoes annual growth, is thought to rarely flower in nature, and primarily
spreads via vegetative propagules (Beatty et al., 2003). Although sexual reproduction was shown
to be possible in greenhouse conditions (Beatty et al., 2003), sex is thought to be rare or nonexistent in natural populations. Instead, M. gemmiparus spreads clonally via the species’
characteristic feature, the brood bulbil. Entirely unique to M. gemmiparus, fully formed plantlets
form through organogenesis in ensheathed petiolar sacs, creating a structure which functions
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similarly to a seed. As such, conservation concerns arise for M. gemmiparus as it possesses
several hallmark characteristics of rare species: specific habitat requirements, exclusive clonal
spread, narrow endemism, and small, isolated populations. Threats such as ecological
fluctuations caused by climate change and fire disturbance, as well as recreational activity for
populations located near trails, are noted issues of concern (Beatty et al., 2003). As it currently
stands, M. gemmiparus is considered a G1 critically imperiled species according to the
NatureServe Global Conservation Rankings (NatureServe, 2022). Mimulus gemmiparus was also
a candidate species for listing under the Endangered Species Act (ESA) of 1973, as amended,
following a petition by the WildEarth Guardians in 2011; however, it was deemed not warranted
for listing in December of 2020 on the basis that the species will continue to have populations
resilient enough to withstand catastrophic events and be able to adapt to environmental change in
the future (USFWS, 2020a).
To better understand the conservation risk that M. gemmiparus faces, this study
investigated six questions:
Q1

Is M. gemmiparus a valid taxon?

Q2

Does M. gemmiparus exhibit clonal spread?

Q3

How is genetic diversity partitioned across the range of M. gemmiparus and
should different regions be treated as separate management units?

Q4

What is the level of genetic diversity contained within patches and populations
composed of multiple patches?

Q5

Is there evidence of inbreeding within populations and patches?

Q6

Do populations and patches function as a genetic metapopulation?

To answer these questions, double digest restriction site-associated DNA sequencing
(ddRADseq, Peterson et al., 2012) was employed to generate genome-wide SNP data which were
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analyzed to uncover an understanding of the genetic characteristics of M. gemmiparus and the
genetic challenges it faces. Ultimately, the findings of this study will inform management
decisions critical to the long-term success of M. gemmiparus.
Methods
Species of Study
Mimulus gemmiparus occupies a total range of about 2500 km2 throughout Colorado’s
Rocky Mountains (CNHP, 2017). In total, there are 11 known natural populations of M.
gemmiparus. These populations are distributed across three general areas: North (Larimer,
Boulder, and Grand Counties), Central (Clear Creek and Jefferson Counties), and South
(Jefferson County) (Figure 7). The total land occupied by the plants in these populations is
roughly 60 acres (USFWS, 2020b). All populations of M. gemmiparus occur on public lands
managed by one of four entities: Rocky Mountain National Park (North Inlet and East Inlet),
Arapahoe-Roosevelt National Forest (Saint Vrain and Pleasant Valley), Staunton State Park
(Black Mountain and Elk Creek), and Pike-San Isabel National Forest (Guanella Pass, Geneva
Basin, Hankins Gulch, Corral Dome, and Corral Creek).
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Figure 7
Map of All Extant, Natural Populations of Mimulus gemmiparus

Note. Populations belonging to the North, Central, and South regions are indicated by brackets.

Mimulus gemmiparus is an annual plant which begins its life cycle in late-June and grows
until it desiccates in August. The arrangement of M. gemmiparus stems follows a pattern of two
leaves and four axillary buds produced at every node along the length of the stem. Beginning at
the third node, the proximal bud is enclosed by the leaf’s petiole forming the characteristic
feature of M. gemmiparus, the brood bulbil (Chu, 2016). The bulbil acts as the species’ primary
mode of propagation, creating a fully formed plantlet ensheathed by the petiole through the
process of organogenesis. While bulbil formation can be observed in other species, the saccate
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form of the petiole which acts as a pseudo-seed coat for the propagule is unique to M.
gemmiparus (Chu, 2016; Harden, 2017). As it pertains to this study, individuals or ramets refer
to fully formed, physiological plants and not to the bulbils which are sometimes considered
analogous to a fully formed individual in population surveys (USFWS, 2020b). Mimulus
gemmiparus grows most commonly in tightly clustered, mat-like colonies which are referred to
as patches. Patches range in size but are generally less than 1 m2, and clusters of plants separated
by more than 3 m are considered separate patches (Beardsley, 2017). The number of individuals
present year to year at the same patch is variable due to recruitment success, as is the number of
individuals present among patches. Patches have been surveyed having as few as four plants in
some years while others have been estimated to exceed 10,000 plants (Beardsley, 2017; Beatty et
al., 2003). Populations are nearby groupings of patches; the number of plants per population is
similarly variable – ranging from 73 individuals to as many as 102,000 individuals (Decker,
2006).
Sampling
Leaf tissue was collected from all 11 populations encompassing the entire known range
of the M. gemmiparus. While sampling for M. gemmiparus, field collections of M. guttatus and
M. floribundus were made opportunistically to act as an outgroup for later analysis; similarly,
outgroup samples of M. guttatus and M. floribundus were also obtained from herbarium
specimen located at the University of Northern Colorado (GREE). Accession numbers for GREE
herbarium collected specimen are as follows: M. guttatus (23081, 40300, 40306, 40310, 40311,
40312) and M. floribundus (06990). As a general rule, at least 20 individuals of M. gemmiparus
were collected from each population; however, some populations possessed too few individuals
or individuals in too poor condition that a smaller sample size became necessary. Populations
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which possessed many patches of healthy plants were sampled more intensely in order to
properly capture potential genetic variation within and among patches. When sampling, 1 to 2
grams of leaf tissue was collected from each individual. When possible, patches were sampled
using a transect that ran the length of a patch and sampled with a minimum of 2 feet between
every individual in order to assess clonality and diversity within patches. Some patch structure
was not compatible with transect sampling; in these cases a sample distance of at least 2 feet
between samples was maintained but sometimes exceeded that distance (3 to 6 feet) or might
have been collected outside of a strict transect line (following drainage ditches, multiple ledge
elevations, etc.). The location of each sampled patch was also recorded using GPS coordinates.
All collected leaf tissue was stored at -20°C until DNA could be extracted.
Deoxyribonucleic Acid (DNA) Extraction
For each individual, frozen leaf tissue was submerged in a small amount of liquid
nitrogen and then ground to a fine powder using a mortar and pestle. DNA from the powdered
leaf tissue was extracted using a modified CTAB protocol (Doyle and Doyle, 1987). Extracted
DNA was measured for quality using a NanoDrop 2000/2000c Spectrophotometer
(ThermoScientific, Waltham, MA). Quality samples were determined as those which possessed a
DNA concentration greater than 100 ng/uL and a DNA to protein ratio (260/280) between 1.70
and 2.00; all samples which did not meet these requirements were excluded from further
processing and analysis.
Library Preparation and Sequencing
To prepare DNA libraries, quality samples were processed using a modified ddRADseq
protocol (Peterson et al., 2012; Tripp et al., 2017) using Ecor1 and Mse1 restriction enzymes
(New England Biolabs, Ipswich, MA). The fragments were quality filtered and size selected
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(200-400 bp) using a BluePippin (Sage Science, Beverly, MA) at the University of Oregon
Genomics and Cell Characterization Core Facility (GC3F; Eugene, OR) before single end 118 bp
sequencing using a NovaSeq 6000 platform (Illumina, San Diego, CA).
Bioinformatics
Raw reads were cleaned and trimmed of adapters using TRIMMOMATIC v 0.39 (Bolger
et al., 2014). The quality of reads was checked by examining both the pre-trimmed and posttrimmed reads with FAST-QC (available at http://www.
bionformatics.babraham.ac.uk/projects/fastq/). Clean reads were demultiplexed using FASTQMULTX (Aronesty, 2013). SNP loci were determined de novo using the software iPYRAD v
0.9.81 (Eaton & Overcast, 2020). Three datasets were assembled to address the proposed
questions: 1) taxonomic dataset, 2) population dataset, 3) clonal dataset. The taxonomic dataset,
which included M. gemmiparus and outgroups, used default iPyrad parameters with the
exceptions; clustering threshold [14] which was set to 0.90, and the minimum number of samples
per locus [21] which was set to retain loci present in 89% of the total samples. The population
and clonal datasets, which included only M. gemmiparus, used default iPyrad parameters with
the exceptions; clustering threshold [14] which was set to 0.90, and the minimum number of
samples per locus [21] which was set to retain loci present in 80% of the total samples.
Additionally, the population and clonal data set was converted to STRUCTURE format using
PDG Spider version 2.1.1.5 (Lischer & Excoffier, 2012) and then imported into GENODIVE
version 3.05 (Meirmans, 2020) where it was filtered to only include SNPs which possessed less
than 20% missing data and individuals that contained less than 30% missing data across all
SNPs. The clonal dataset was a subset of the population dataset which included only a single,
randomly selected representative from each clone.
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GENODIVE was also utilized to determine the technical error rate of samples within the
population dataset, assign sampled individuals to genets (clones), and to estimate population
level clonal diversity statistics. Technical error was measured using pairwise genetic distances
between eight replicate samples using GENODIVE’s clonal distance function; replicate samples
were processed from the same digested DNA but all further processing and sequencing was
completed separately. Genet assignment utilized the aforementioned error rate to determine a
threshold of allowable variation in ramet genotypes to inform GENODIVE’s ‘Assign Clones’
analysis; this analysis was ran using an infinite allele model and missing data were not counted.
The clonal diversity statistics which were calculated are the effective number of genotypes
(Egenotypes), Nei’s corrected genetic diversity (HN, which is equivalent to expected
heterozygosity), and Shannon’s index corrected for sample size (HS). Likewise, GENODIVE
was used to run an Analysis of Molecular Variance (AMOVA) using an infinite allele model
with the Fst analog Rho.
Phylogenetic Analyses
A Maximum Likelihood (ML) phylogenetic tree and performance of a rapid bootstrap
analysis was completed using RAxML ver. 8 (Stamatakis, 2014) using the GTRGAMMA model
of rate heterogeneity, random seed number, and 1,000 replicates. FigTree v 1.4.4 (Rambaut,
2016) was used to visualize phylogenetic trees. This analysis was performed for all three
datasets.
Genetic Structure
Population structure was analyzed for the population dataset using the Bayesian
clustering algorithm FASTSTRUCTURE (Raj et al., 2014). The R package, ADEGENET ver.
2.0 (Jombart, 2008), was used to perform principal component analysis (PCA).
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Results
Assembly Statistics
The final taxonomic dataset consisted of 143 individuals (126 M. gemmiparus, 12 M.
guttatus, and 5 M. floribundus), 574 loci, and 5,079 SNPs. The population dataset consisted of
278 individuals (all M. gemmiparus), 12,201 loci, and 13,122 SNPs; however, only 8,011 SNPs
were retained after removing SNPs with greater than 20% missing data using GENODIVE. The
clonal dataset contained a single, randomly selected individual from each identified clone. In
total, the clonal dataset consisted of 33 individuals. The clonal dataset shares the same number of
retained SNPs (8,011) as the population dataset from which it was subset.
Estimation of Error
The Clonal Distance function in GENODIVE was used to calculate the amount of
technical error in eight replicated samples. Each replicate and its ‘original’ counterpart were
compared pairwise across all 8,011 SNPs revealing a range of observed error (disagreement in
nucleotides): minimum 29, average 60.5, maximum 121 (Table 1). Because the replicate
samples were sourced from the same stock of digested DNA, any error observed can be
attributed to technical error associated with PCR amplification or sequencing. Using the
maximum amount of error observed, technical error represents 1.51% of the total genetic
variation in the population dataset. Although minimal, the amount of error observed here would
make clonal determination impossible without some form of compensation.
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Table 1
Error Estimation
Error
Sample ID
CD 103 14
41
CD 103 15
29
CD 105 3
38
GB 1 8
121
GB 2 7
89
SV 15 1
74
CC 6 P1 1
60
CC8 P2 6
32
Average Error
60.5
Maximum Error
121
Note. Table of replicated samples and the amount of error observed across 8,011 SNPs. Error
represents all disagreements in pairwise nucleotide comparisons and was calculated using
GENODIVE’s Clonal Distance functionality.

Threshold Selection and Genet Assignment
Correct assignment of ramets to genets can be tricky when utilizing high-throughput
genetic techniques. At high resolutions, somatic mutations and technical errors will make purely
clonal individuals appear different and can lead to an overestimation of truly unique genets, or
clones, in a population (Burrell et al., 2015; Meirmans & Van Tienderen, 2004). To resolve this
issue, a threshold of allowable variation in the genotypes of ramets belonging to the same genet
can be applied, resulting in a closer estimation of the true level of clonality (Amor et al., 2020;
Burrell et al., 2015; Tsujimoto et al., 2020). The clonal threshold for this study was chosen by
doubling the maximum rate of error observed in the dataset, resulting in a threshold of 242. The
frequency distribution of pairwise distances (also called mutational steps) can be seen in (Figure
8). Although not by design, the threshold chosen for clonal assignment coincidently fell between
the first two peaks in the histogram, which is a common placement for clonal thresholding
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assignment (Amor et al., 2020; Burrell et al., 2015). The first peak is assumed to be the
differences between those belonging to the same clone where differences within the clone are
due to somatic mutation and technical error. The second peak would represent comparisons of
moderately related clones while the rightmost peak represents comparisons of the most dissimilar
clones. Applying the 242 threshold to the population dataset resulted in 33 unique genets
(clones) from the 278 sampled individuals.

Figure 8
Frequency Distribution of Pairwise Genetic Differences Between Mimulus gemmiparus Samples

Note. Comparisons were made using the population data set. Differences were calculated in
GENODIVE version 3.05 (Meirmans, 2020) using an infinite allele model ignoring missing data.
The threshold (red line) is set to 242 which was used to assign individuals to clones. The
maximum (orange line; 121) and minimum (yellow line; 29) rates of error were overlayed on the
histogram. The blue line represents the number of clones which would be assigned at any given
threshold level.

39
Clonal Diversity and Distribution
For each population genetic diversity statistics are reported in (Table 2). The distribution
of clones largely parallels the general North, Central, and South regional distribution of the
populations. Across all populations, only three populations possessed more than a single clone
(North Inlet (2), Corral Dome (26), and Corral Creek (4)). Additionally, 4 clones were shared
across multiple populations: Clone 1 – all North populations, Clone 3 – Geneva Basin and
Guanella Pass, Clone 4 – Black Mountain and Elk Creek, and Clone 28 – all South populations.
The effective number of genotypes (Egenotypes) considers the number of clones and frequency of
said clones in each population to calculate a weighted diversity index. Consequently, only three
populations had a value greater than 1 (more than one clone present), with North Inlet having a
value just above 1, because 1 of the 2 clones was represented by a single individual, and Corral
Dome having the highest value.
Nei’s corrected genetic diversity (HN) is equivalent to expected heterozygosity. Potential
values for this estimate of diversity range from .0 to 1. Values closer to 1 indicate higher levels
of diversity while values closer to 0 represent no or little genetic diversity. The clonal diversity
of M. gemmiparus populations was 0 in all populations composed of a single clone. The three
populations with HN values greater than 0 were North Inlet (0.039), Corral Dome (0.904), and
Corral Creek (0.390).
The Shannon index (HS) is a measure of diversity with considerations for the evenness of
representation. When applied to the clonal diversity of M. gemmiparus populations, HS measures
the diversity of clones represented in each population. Values of 0 represent populations with a
single clone while higher values are associated with increasing diversity. The three populations
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with more than one clone have HS values of 0.069 (North Inlet), 1.327 (Corral Dome), and 0.380
(Corral Creek).

Table 2
Clonal Distribution and Diversity Statistics by Population
Population
N1
# of Clones
Clone ID2
Egenotypes3
HN4
HS5
North Inlet
51
2
1, 2
1.040
0.039 0.069
East Inlet
16
1
1
1
0
0
Saint Vrain
27
1
1
1
0
0
Pleasant Valley
19
1
1
1
0
0
Guanella Pass
13
1
3
1
0
0
Geneva Basin
22
1
3
1
0
0
Black Mountain
12
1
4
1
0
0
Elk Creek
5
1
4
1
0
0
Hankin’s Gulch
12
1
28
1
0
0
Corral Dome
74
26
6 - 25, 28 - 33
9.219
0.904 1.327
Corral Creek
27
4
5, 26, 27, 28
1.602
0.390 0.380
Total
278
33
Average
1.806
0.121 0.161
Note. 1 – N, total number of samples; 2 - Clone ID, specific clone found; 3 - Egenotypes, effective
number of genotypes; 4 - HN, Nei’s corrected genetic diversity, and 5 - HS, Shannon index
corrected for sample size

Using the population dataset, AMOVA found the largest source of genetic variation,
69.2%, among the North, Central, and South regional groups (Table 3). Meanwhile, genetic
variation among populations within each region explained 24.7% of the total variation, with the
remaining 6.0% found within each population.
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Table 3
Analysis of Molecular Variance (AMOVA) for the Mimulus gemmiparus Population Dataset
Source of Variation
Within Populations
Among Populations
within Regions
Among Regions
Total

Degrees of
Freedom
267

Sum of
Squares
19411.6

Variance
Components
72.7

Percentage of
Variation
6.0

8

19676.7

297.5

24.7

2
277

198599.4
237687.7

831.9
1202.0

69.2

Genetic Structure
FASTSTRUCTURE found strong support for two different groupings of genetic clusters
(K): four and five clusters (Figure 9). In both, FASTSTRUCTURE split populations into
clusters that align with the regional distribution (North, Central, South) of populations; the
primary difference between the two different groupings being the split of the Central region.
Similarly, both analyses suggest that a single individual in the Northern region and two
individuals in the Southern region possess a unique signal which could not be assigned solely to
a major grouping. Both structure analyses show strong support of pure clonality (no admixture)
in M. gemmiparus and genetic signals which are strongly associated with regionality.
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Figure 9
FASTSTRUCTURE Analyses of Mimulus gemmiparus Samples

Note. FASTSTRUCTURE analyses of Mimulus gemmiparus for the population dataset when genetic clusters were determined to be
K=4 (A) and K=5 (B). Both analyses clustered individuals based on geographic location aligning with the regional distribution of
populations – North (Yellow), Central (Dark and Light Green), and South (Blue). Three individuals possess a unique signal (Grey)
and are unique genotypes which could not be assigned solely to a major grouping.
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Phylogenetic Analyses
The taxonomic tree (Figure 10 ) grouped each of the three species, M. gemmiparus
(Red), M. guttatus (Green), and M. floribundus (Yellow) into separate, clearly defined groups
(100% bootstrap value). This analysis confirms that M. gemmiparus is taxonomically distinct and
genetically differentiated from related species found in its range.
The population tree (Figure 11) distinguishes three major well supported groups (100%
bootstrap value) which mirror the geographic separation among the three regions: North
(Yellow), Central (Green), and South (Blue). Within the South group, Hankin’s Gulch, Corral
Dome, and Corral Creek do not form distinct clades, but two individuals sampled from Corral
Creek formed a distinct basal group.
The clonal tree (Figure 12) is similar to the population tree in that regional groups are
clearly defined and well supported (100% bootstrap values). Clone 1 (all North) and Clone 2
(North Inlet) within the North group are closely related as are Clone 3 (Geneva Basin and
Guanella Pass) and Clone 4 (Black Mountain and Elk Creek) within the Central group. Clone 5
(Corral Creek) is very distinct relative to other members of the Southern group. Within the
Southern group there is limited well supported structure, but high similarity can be observed
within several groupings of clones: 10 and 11, 13 and 14, and 18 and 19. Also within the
Southern region, all clones other than Clones 5, 26, 27, and 28 are composed entirely of
individuals from the Corral Dome population. Clones 5, 26 and 27 are purely Corral Creek
individuals. Clone 28 is found in Hankin’s Gulch, Corral Dome, and Corral Creek.
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Figure 10
Maximum Likelihood Phylogenetic Tree for Mimulus gemmiparus, Mimulus guttatus, and Mimulus floribundus Samples

Note. Maximum Likelihood phylogenetic tree for M. gemmiparus, M. guttatus, and M. floribundus samples in the taxonomic dataset.
Only bootstrap values of 100% at species divisions are included. Each individual belonging to a species was color coded: Red (M.
gemmiparus), Green (M. guttatus), and Blue (M. floribundus).
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Figure 11
Maximum Likelihood Phylogenetic Tree for Mimulus gemmiparus Samples: Population Dataset

Note. Maximum Likelihood phylogenetic tree for M. gemmiparus samples in the population dataset. Only bootstrap values of 100% at
regional divisions are included. Each of the major regions have been color coded: Yellow (North), Green (Central), and Blue (South).
The Central region’s populations were divided and are represented by Dark Green (Guanella Pass and Geneva Basin) and Light Green
(Black Mountain and Elk Creek). Two individuals from Corral Creek were shown to be significantly different from the rest of the
Southern region and are indicated by *.
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Figure 12
Maximum Likelihood Phylogenetic Tree for Mimulus gemmiparus: Clonal Dataset

Note. Maximum Likelihood phylogenetic tree for M. gemmiparus samples in the clonal dataset. Each clone was represented by a
single individual, N = 33. Tip labels for the branch include the Clone ID and the number of ramets contained within the genet (see
Table 2). Bootstrap values of 100% are provided along branch segments. Each of the major regions have been color coded: Yellow
(North), Green (Central), and Blue (South). Within the Southern region, tip labels are highlighted: Purple (clones unique to Corral
Creek), Red (clone shared among all three populations), No Highlight (clones unique to Corral Creek).
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Principal Component Analysis
Using Adegenet, a PCA was conducted for the M. gemmiparus population dataset (Figure
13). Each axis explained a substantial portion of the variation observed in the dataset: Axis 1 –
50.87%; Axis 2 – 24.23%. The PCA supports that populations belonging to each region form
cohesive genetic groups: North (Yellow), Central (Light and Dark Green), and South (Blue).
Although similar, Geneva Basin and Guanella Pass (Dark Green) are clearly distinguished from
Black Mountain and Elk Creek (Light Green). The Southern populations (Blue) are all grouped
together other than two significantly different individuals sampled from Corral Creek (Clone 5).
Diversity Within and Among Patches
Only two populations across the entire range of M. gemmiparus possessed any clonal
diversity within patches: North Inlet and Corral Dome. At North Inlet, a singular individual
which solely represents Clone 2 was found in a patch which was otherwise composed entirely of
Clone 1 (Table 2). Every patch at Corral Dome possessed some level of diversity; the minimum
number of clones found at a single patch was three while the maximum was ten (Table 4). No
other patches from any other population were observed to have any within patch clonal diversity.
Although Corral Creek does not possess any within patch diversity, each of Corral Creek’s
patches are composed of a single, clone. In addition to within patch diversity, Corral Dome also
possesses diversity among patches. Each patch at Corral Dome possesses at least one unique
clone which is not found in any other patch or population; the minimum number of unique clones
found in a patch is one and the most is four. The most commonly observed clones across Corral
Dome patches were Clones 20 and 28; each of these clones were observed in five patches with
four patches containing both.
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Figure 13
Principal Component Analysis of Mimulus gemmiparus Samples

Note. Principal Component Analysis plot of all M. gemmiparus samples (population dataset)
with confidence intervals at 95%. Populations and regions color coded: North (Yellow) Central
(Dark Green – Guanella Pass and Geneva Basin; Light Green – Black Mountain and Elk Creek),
and South (Blue).
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Table 4
Distribution of Clones Among Patches at the Corral Creek and Corral Dome Populations
Clone ID2
5
28
27
26
Corral Dome
7(2), 20, 21(2), 28, 32*
6*, 9*, 20(2)
7, 11(2)*, 15*, 16*, 19, 20(9), 22(2)*, 28,
CD103
25
10
29(6), 31*
CD104
8
6
10*, 12*, 13(2), 14(2)*, 20, 28
CD105
4
3
23*, 28(2), 30*
CD106
12
8
7, 13, 17*, 18*, 20(4), 21, 24*, 29
CD107
14
5
8(3)*, 19, 25*, 28(7), 33(2)*
Note. 1 – N, total number of samples; 2 - Clone ID, specific clone found. Unique clones
contained only in a single patch denoted by *
Population
Corral Creek

Patch
CC6
CC7
CC8
CC9
CD101
CD102

N1
2
3
21
1
7
4

# of Clones
1
1
1
1
5
3

Discussion
Taxonomic Accuracy and
Occurrence of Clonality
As determined in the taxonomic phylogenetic analysis, M. gemmiparus is a valid taxon.
Both outgroup species form distinct groups separate from all M. gemmiparus individuals (Figure
10). This supports other research which has found M. gemmiparus to be unique within the genus
(Barker et al., 2012; Beardsley et al., 2004).
Results from genetic analyses clearly indicate that M. gemmiparus populations are
composed of clones. When accounting for somatic mutation and technical error, 33 clones were
found across the range of M. gemmiparus (Table 2). Phylogenetic analysis (Figure 11) supports
this finding showing short horizontal distances between individuals belonging to the same clone.
Further, FASTSTRUCTURE analyses point toward strict clonal spread in M. gemmiparus, as no
sexual recombination (admixture) was observed to occur (Figure 9). Although three individuals
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showed signs of admixture in FASTSTRUCTURE, a major component of those samples is
assigned to unique genetic cluster (Grey), which is commonly observed when the algorithm is
not able to confidently place divergent samples. Other analyses also reveal that these individuals
are unique clones, not products of sexual recombination. Foremost, clonal assignment analysis
indicates that each of these clones, Clones 2 and 5, are separated by at least 242 mutational steps
from their closest relative (Table 2). This is also supported in clonal phylogenetic analysis where
Clone 5 forms an isolated branch within the Southern clade, while Clone 2 is similar but distinct
from Clone 1 within the Northern clade (Figure 11). Both individuals representing Clone 5 are
likewise shown to be significantly different from other individuals within their population and
region in the PCA (Figure 13). The clonal phylogenetic analysis also reveals that certain clones
within the Corral Dome population are more closely related than others (Figure 12). All analyses
support clones being regionally specific, with no clones shared among the North, Central, and
South regions (Figure 12). The only other genetic work specifically targeting M. gemmiparus did
not definitively test for clonality; however, pure asexual propagation was assumed to occur
predicated on the fact that seeds have never been observed in natural populations (Suni, 2004).
Acknowledging higher than expected levels of genetic variation for an asexual species in their
results, Suni (2004) posits that M. gemmiparus most likely possesses a high mutation rate, as
other potential explanations such as low levels of sexual reproduction or differential selection are
unlikely.
Partitioning of Genetic Diversity
Broadly, genetic diversity is clearly partitioned among the regional groupings of
populations; all genetic analyses point toward this result. FASTSTRUCTURE (Figure 9)
indicates that populations are best explained by their respective regional groups with the caveat
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of a subdivision in the Central region based on clonal composition – Guanella Pass and Geneva
Basin (Clone 3) distinct from Black Mountain and Elk Creek (Clone 4) (Table 4). Distinct
regional groups, including the division of Central populations, are further supported by the
Principal Components Analysis (Figure 13) and the population dataset phylogenetic analysis
(Figure 11). Within regions, populations in the North were found to be monoclonal with a
singular exception, Clone 2 in North Inlet (Table 4). The Southern populations possess the
greatest amount of diversity; however, only a single clone, Clone 28, is shared among
populations. Hankin’s Gulch was comprised only of individuals which belong to Clone 28 while
Corral Dome and Corral Creek contain additional clones unique to each population (Table 4).
Also from the phylogenetic analyses, Corral Dome appears to be the progenitor population of the
Southern region giving rise to Hankin’s Gulch and Corral Creek; the only exception to this is
Clone 5 which is not closely related to any other clone found in the region (Figure 12). AMOVA
similarly supports regional grouping, as the vast majority of genetic variation, 69.2%, is captured
between the regional groupings (Table 3).
All genetic data presented here strongly supports, at minimum, delineating North,
Central, and South management units with consideration for a split Central region. Splitting of
the Central populations also coincides with a division in land management, which might make
the division an attractive management option. In comparison, Suni (2004) recommends that each
of the populations which were sampled in that study (Hankin’s Gulch, East Inlet, Guanella Pass,
Saint Vrain, and Staunton State Park) be independently conserved. This recommendation is
based on their AMOVA results which estimate ~70% of genetic variation is explained by
diversity within populations (Suni, 2004). Contrarily, AMOVA results presented in this study
suggest that the least amount of genetic variation, 6%, is explained within populations (Table 3).
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Additionally, phylogenetic analysis from Suni (2004) groups individuals from different regional
populations together, which is not supported by any analyses presented here. Ultimately, the
description of genetic diversity presented by Suni (2004) is not supported by the results of this
study; incongruencies between the data is likely driven by a lack of sampling depth and an
inability to account for genetic differences among ramets.
Levels of Genetic Diversity
Across all populations, within patch diversity is virtually nonexistent with the major
exception of Corral Dome. A single patch in North Inlet contained two unique clones; although,
only a single representative of Clone 2 was found. Otherwise, all other patches across all other
populations were represented by a single clone (Table 2). Each patch at Corral Dome was
composed of anywhere between 3 to 10 clones, many of which were unique to the patch that it
was found (Table 4).
Similarly, the vast majority of populations possess no distinction among patches. Again,
North Inlet possessed a single unique clone. At Corral Creek, each patch is composed of unique
clones; and with the exception of patch CC7 containing Clone 28, all clones found at Corral
Creek are unique (Table 4). As mentioned before, Clone 5, found only at Corral Creek, is
substantially different from all other clones found in the Southern region, thus patch CC6
contains diversity unlike any other patch or population across the entire range (Figures 6 and 7).
Corral Creek possesses the greatest relative amount of among patch diversity since each patch is
completely different; however, Corral Dome contains the greatest net diversity. Each patch
possessed anywhere from 1 to 4 unique clones and also shared at least one clone with another
patch (Table 4). Interestingly, many clones found at Corral Dome were grouped together in the
clonal phylogenetic analysis signifying that certain clonal groups, Clones 7-9, 10-12, 13-15, 17-
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19, and 20-22, share a more recent evolutionary history between themselves than to other clones
in the population (Figure 12). This pattern is likely the result of somatic mutation accumulation
in the ramets of older clones which have become significant enough for clonal differentiation,
forming similar but distinct genets. Genetic patch structure was not explored directly by Suni
(2004); although, Hankin’s Gulch, which is composed of a single patch, can be compared
between studies. Suni (2004) reported Hankin’s Gulch as having the greatest amount of variation
among the sampled populations; however, all samples from Hankin’s Gulch reported here appear
to be monoclonal – Clone 28 (Table 2). Differences in the resulting genetic diversity between
studies is likely due to the use of thresholding in this study to assign like individuals to clones.
Genetic Health
Prior to the discovery of complete clonality of M. gemmiparus, determination of
inbreeding frequency was a question designed to assess the genetic health of populations. Small,
disconnected populations commonly face increased extinction risk from the associated reduction
of genetic diversity and reproductive fitness caused by mating of like individuals, ultimately
reducing a species’ ability to respond to environmental change (Frankham, 2005; Furlan et al.,
2012). However, no evidence of sexual reproduction was observed therefore no evidence of
inbreeding was observed. Regardless, the genetic health of the species was found to be poor
across virtually all populations of M. gemmiparus except Corral Dome. The entire Northern
region is composed of essentially a singular clone while the Central region is composed of two
clones (Table 2). Although the Southern region has the most diversity, Hankin’s Gulch was
found to be monoclonal, and Corral Creek only possesses 4 clones, none of which are shared
across patches (Table 2). As a result, Corral Dome and Corral Creek are the only populations
with significant enough genetic variation which could allow for response to changing
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environmental conditions. Likewise, the genetic breadth of the species is low; 33 genetic
individuals (clones) represent the entire known species. Further, the vast majority of clonal
diversity is located in the Southern region (29 clones) while the Central (2 clones) and Northern
(2 clones) regions possess only a fraction of the total diversity, creating an extremely uneven
partitioning of genetic diversity
Metapopulation Dynamics
Among populations, no evidence of metapopulation dynamics exists with the exception
of Clone 28 which is found in all three populations in the Southern region (Table 2). Although
Clone 28 is shared among all three Southern populations, it is not clear how often individuals
move between populations. Logically, it could be assumed that Corral Dome, which possesses
the most diversity, is the oldest population and is the progenitor of other regional populations.
Corral Creek would then be the second oldest population as it possesses Clone 28 and 3 other
unique clones (Table 2), two of which are closely related to Clone 28 (Clones 26 and 27, Figure
12). As a result, Clone 28 could have been originally shared from Corral Dome to Corral Creek
and then to Hankin’s Gulch. Hankin’s Gulch is assumed to have been founded most recently as it
only contains ramets belonging to Clone 28; no unique genets have emerged indicating
insufficient time for mutations to accumulate.
For most populations, patch level metapopulation dynamics cannot be assessed due to
monoclonality. Similarly, North Inlet cannot be assessed for metapopulation dynamics because
only a single representative from Clone 2 was observed (Table 2). At Corral Creek, each patch is
composed of a singular clone; none of which are shared between patches (Table 4), so there is no
observed movement of individuals between patches, suggesting that metapopulation dynamics
are not occurring. The only population where clear movement of individuals between patches
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occurs is Corral Dome. The best evidence for this is the sharing of clones between patches;
Clones 20 and 28 are each present in five of the seven patches indicating that clones are able to
move, at least occasionally, from patch to patch (Table 4). At the same time, each patch also
contains between one and four unique clones which would indicate that movement between
patches may not occur frequently. Support for infrequent dispersal events is evident from the
distribution of closely related clones within patches (Table 4, Figure 12). Logical deduction
indicates that dispersal events happen with enough infrequence that new genets can be formed
via somatic mutation within a patch, without ever being dispersed to other patches. For example,
Patch CD104 contains Clones 13 and 14, with Clone 14 being unique to the patch; both clones
are shown to be closely related via the clonal phylogenetic analysis (Figure 12). Although,
instances of unique clones being separated spatially from their closest relatives can also be seen;
CD107 possesses Clone 8 which is unique but neither of its closest relatives, Clone 7 or 9, are
present in the patch (Figure 12). Consequently, this could indicate that sample size at Corral
Dome was not sufficient enough to capture the full range of diversity in each patch and that more
data is needed to fully resolve the frequency and extent of metapopulation dynamics at this
population.
Clonality in Other Systems
While not as commonly studied as sexual species, several clonal, or at least partially
clonal, species have been the subject of conservation genetics research; however, relatively few
studies have investigated clonal plants using SNP data. A major point of comparison in clonal
population genetics studies using SNP data is the method of determining a threshold of allowable
variance within a single genetic clone. No clear consensus exists for the optimal method, and as a
result, different studies seem to arbitrarily choose a method that best suits them and their dataset.
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Some programs such as RClone (Bailleul et al., 2016) or Poppr (Kamvar et al., 2014) have been
used to determine suitable thresholds; however, these programs either require no missing data,
impute missing data, or treat missing data as a fifth state inflating diversity. Manipulation of
missing data might be a valid option when using traditional genetic markers which are typically
associated with smaller datasets containing very little missing data; however, missing data
manipulation can introduce bias in large SNP datasets which can have a significant amount of
missing data. A study looking to assign genets for a clonal herb tested thresholds generated by
Poppr and RClone to a simple division of peaks in frequency distribution of pairwise genetic
differences generated by GENODIVE and found that both RClone and Poppr assigned a greater
number of clones than GENODIVE – 61 (GENODIVE), 67 (Poppr), and 68 (Rclone) (Tsujimoto
et al., 2020). The relatively simple method used to determine the threshold in this study,
doubling the maximum amount of observed technical error, was chosen as a conservative option
which allowed missing data to be retained in the dataset.
Another commonality in studies looking at clonal species is to shift from trying to
identify individual clones to identification of clonal lineages, which requires less precision in
thresholding because the aim is to find groups of similar clones (Amor et al., 2020; Burrell et al.,
2015). Determination of clones versus clonal lineages can have a large impact on the perceived
diversity of a species because clonal lineages compartmentalize the diversity of clones within the
assigned lineages. As a result, the difference in method used can have a large impact on the
number of genetically significant units identified. Two studies which elected to assign clonal
lineages rather than clones identified a small number of genetically significant units; 449
samples across 94 populations in 11 states became 5 clonal lineages (Burrell et al., 2015) and 40
samples from less than 3 km2 became 5 clonal lineages (Amor et al., 2020). Despite their
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identification of lineages rather than clones, thresholds for both of these studies fell between the
first and second peak in a pairwise genetic distance histogram, which also occurred with our
approach. With the work of Burrell et al. (2015) and Amor et al. (2020), clonal lineages were
strongly associated with geographic distribution, with populations mostly forming monoclonal
groups. These results are similar to what was found in M. gemmiparus, high frequency of
monoclonal populations and strong regional geographic structure. Although not using SNP data,
a study assessing the clonal diversity of Carapichea ipecacuanha also found, using AMOVA,
that the greatest amount of genetic variation in their dataset was explained among groups of
populations rather than between populations (Oliveira et al., 2010). Strong regional and
population structure appears to be common among clonal species, especially those which rarely
sexually reproduce. A study of two related Eucalyptus species, one asexual and one semi-sexual,
found the asexual species possessed a single, widespread genet across its range; meanwhile, the
semi-sexual species had substantial differentiation between stems at each sampled population
(Rossetto et al., 1999).
Management Recommendations
The results of this study suggest that separation of populations into regional management
units is an effective and simple approach. Supported by multiple analyses, each regional unit
(North, Central, and South) possesses a strong genetic signal and contain clones which cannot be
found across regions (Figures 3, 5, 7; Table 3). Further separation of the Central region into two
groups - Guanella Pass and Geneva Basin or Black Mountain and Elk Creek - would ensure that
both Clone 3 and 4 were conserved. The separation of Central populations would be easy to
implement as Guanella Pass and Geneva Basin are managed by Pike-San Isabel National Forest
while Black Mountain and Elk Creek are managed by Staunton State Park. The Northern
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populations are managed by two separate entities: Rocky Mountain National Park (North Inlet
and East Inlet) and Arapahoe-Roosevelt National Forest (Saint Vrain and Pleasant Valley). As
such, coordinating management across agencies could be difficult; however, all of the Northern
populations are essentially a single clone. As long as conservation efforts are successful at one of
the populations, the genetic diversity of the region will be protected. The Southern region is
managed solely by Pike-San Isabel National Forest which will make management of the region
simple logistically; however, it also means that a single entity will be responsible for managing
the vast majority of diversity found in the species – 30 out of the 33 total unique clones
(including Clone 3 from the Central region) (Table 2).
When considering the viability of the species long term, three major characteristics of the
species are generally considered: resiliency, redundancy, and representation (USFWS, 2020a).
As this study is based on genetic data, these characteristics can only be addressed through a
genetics lens. Resiliency is difficult to assess without considering demographic data as it mostly
pertains to the size and number of patches at each population. A small component of resiliency is
explained by connectivity of populations (or patches) which could restock populations that
experience stochastic disturbance. From the metapopulation discussion, the only population with
observable genetic resilience is Corral Dome.
As for redundancy, the primary genetic concern is multiple points of representation for
the observed genetic diversity. The Northern region is incredibly redundant, aside for the single
instance of Clone 2 (Table 2). Otherwise, all Northern populations contain the same Clone and
possess enough geographic distance that a single disturbance event is unlikely to impact all
populations. The Central region is moderately redundant with both clones found within the
region represented in two different populations (Table 2). The populations which contain the
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same clone are similarly placed geographically while significant distance exists between the
paired populations. A catastrophic disturbance could impact a pair of populations; however, an
extreme disturbance (e.g. widespread wildfire) would need to occur to effect both population
pairs. The Southern region has poor redundancy except for Clone 28 which is shared across all
three populations (Table 2). Widescale disturbance in the South which could impact all three
populations has been shown to be possible with the Hayman fire in 2002 which burned near all
three populations (USFWS, 2020a). Corral Dome possesses moderate redundancy across patches
within the population for a subset of clones, but any major loss of patches at Corral Dome would
result in a substantial loss of genetic diversity (Table 4).
Representation can be partly addressed using genetic data; genetic representation is
concerned with the extent of genetic diversity and potential to adapt to changing conditions. The
total extent of genetic diversity is very low in M. gemmiparus. Rough estimates assume that
there are several million M. gemmiparus individuals spread across the range (Beardsley, 2017);
however, our analysis suggests that only 33 genetic individuals (clones) exist with the vast
majority of clones (~75%) and individual plants (>50%) located in a single population, Corral
Dome (Table 2). Consequently, this makes Corral Dome the most well represented population
and the highest conservation priority. Overall, with such a narrow genetic breadth and uneven
distribution of diversity, M. gemmiparus possesses poor representation and is not well equipped
to respond to changing environmental conditions.
While management cannot magically increase the evolutionary potential of M.
gemmiparus, conservation of specific populations will ensure that the diversity that currently
exists is not lost. In total, only five populations need to be conserved to capture all the genetic
diversity of the species: North Inlet, one population from each pair in the Central region, Corral
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Dome and Corral Creek. Implementation of ex situ conservation techniques could also be helpful
as a form of genetic banking assuming populations or patches were ever lost. While seed banking
is not a viable strategy, bulbils collected from M. gemmiparus individuals representing each
clone could be grown in a greenhouse which could provide genetic stock for assisted migration
or regeneration of lost patches or populations.
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CHAPTER III
SUMMARY OF THE GENETIC ANALYSIS OF
MIMULUS GEMMIPARUS
Project Overview
The main goal of this master’s thesis was to provide a thorough genetic overview of M.
gemmiparus to inform future management decisions concerning the species. Currently, M.
gemmiparus is considered a G1 critically imperiled species according to the NatureServe Global
Conservation status rankings (NatureServe, 2022); however, it was also recently deemed not
warranted for listing as an endangered or threatened species under the Endangered Species Act
on December 3, 2020 (USFWS, 2020a). Although the conservation status for the species is
mixed, concern still exists regarding the extinction risk the species may face as environmental
conditions change.
Mimulus gemmiparus is a rare, Colorado endemic which possesses a narrow distribution,
strict habitat requirement, and unique life history strategy making it a species of conservation
concern. In total, there are only 11 known natural populations of M. gemmiparus all distributed
within 2500 km2 of Colorado’s Rocky Mountains (CNHP, 2017). At these populations, patches
of M. gemmiparus grow annually, June – August, in moist seeps under rocky outcrops and
granite overhangs (Beatty et al., 2003). Although the plant is known to flower, M. gemmiparus is
thought to exclusively spread via asexual propagation using a completely unique structure, the
brood bulbil (Beatty et al., 2003). Consequently, occurrences of M. gemmiparus form small,

62
isolated populations which, due to its life history strategy, likely possess limited connection
(gene flow) and genetic diversity.
Genetic diversity is an important conservation metric because genetic diversity directly
translates to evolutionary potential. Species or populations which possess greater levels of
genetic diversity are more likely to respond to novel conditions or stressors than those with less
diversity (Frankham, 2005); this can largely be attributed to selection acting on genes already
present in the gene pool at the time of disturbance. Metaphorically, managing for genetic
diversity is like managing for a diverse toolbox; the greater a species’ genetic “toolbox”, the
greater chance for it to respond to novel conditions (Angeloni et al., 2012). Genetic data is
especially helpful when addressing rare, threatened, and endangered species which lack intensive
study. Not only does genetic data provide baseline information for a species but it also reveals
patterns that are difficult or impossible to observe otherwise (e.g., genetic structure, gene flow,
genes undergoing selection, etc.). Likewise, it is beneficial when dealing with species which
possess disjointed and small populations, as these types of population structures are more
vulnerable to disturbance events and genetic erosion – i.e., inbreeding, genetic drift, etc. (Leroy
et al., 2018).
To better understand the conservation risk that M. gemmiparus faces, this study
investigated six questions:
Q1

Is M. gemmiparus a valid taxon?

Q2

Does M. gemmiparus exhibit clonal spread?

Q3

How is genetic diversity partitioned across the range of M. gemmiparus and
should different regions be treated as separate management units?

Q4

What is the level of genetic diversity contained within patches and populations
composed of multiple patches?
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Q5

Is there evidence of inbreeding within populations and patches?

Q6

Do populations and patches function as a genetic metapopulation?

These questions were answered using double digest restriction site-associated DNA sequencing
(ddRADseq; Peterson et al., 2012), generating genome-wide SNP data; resulting data were
analyzed to uncover an understanding of the genetic characteristics of M. gemmiparus and the
genetic challenges it faces.
Major Findings
Foremost, Mimulus gemmiparus is a distinct taxon which is clearly distinguished from
related species found in its range. Phylogenetic analysis show clear separation of all three species
analyzed: M. gemmiparus, M. floribundus, and M. guttatus. This finding supports taxonomic
research conducted for Mimulus which have likewise shown M. gemmiparus as a valid taxon
(Barker et al., 2012; Beardsley et al., 2004).
Concerning clonality, the morphology of the M. gemmiparus and all available literature
suggest a high level of clonality for the species (Beatty et al., 2003; Chu, 2016; Suni, 2004;
Weber, 1972). Although sexual reproduction is known to be possible in greenhouse conditions,
seeds have not been observed in natural populations (Beatty et al., 2003) leaving most to
speculate that natural populations rarely, or never, successfully reproduce. This study confirms
that clonality is extremely prevalent in every population; moreover, all analyses point toward
complete absence of any recent sexual reproduction events. While it is possible that rare
instances of sexual reproduction could occur, no evidence to support that can be seen in this
dataset suggesting that sexual reproduction, if it occurs at all, happens so infrequently that it has
an insignificant impact on genetic diversity.
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Regarding genetic diversity for species, all individuals of M. gemmiparus can be
simplified into 33 unique genetic individuals (clones). Each of the assigned clones represent a
historic sexual event or a slight differentiation in genotype resulting from many generations of
accumulated somatic mutation. Each geographic region is completely associated with certain
clones; only Clones 1 and 2 are found in North populations, Clones 3 and 4 in the Central
populations, and all remaining clones are found in the South populations. This partitioning of
genetic diversity to each regional area provides clear break points for the assignment of
management units. Further consideration can be made in the Central region for splitting Guanella
Pass and Geneva Basin from Black Mountain and Elk Creek because each pair is composed of a
single, unique clone and is managed by two separate entities.
The distribution of genetic diversity is extremely uneven. The North populations are
essentially monoclonal as Clone 2 was only observed a single time; otherwise, all populations in
the North are composed of Clone 1. The Central region possesses two clones which are exclusive
to each of the population pairs: Clone 3 (Guanella Pass and Geneva Basin), Clone 4 (Black
Mountain and Elk Creek). The South region contain all of the remaining diversity, and genetic
diversity is unevenly distributed even among the populations in the region. Hankin’s Gulch is
monoclonal, composed entirely of Clone 28; Clone 28 is also the only clone which is shared
among the South populations. Corral Creek is composed of 4 different clones with each being
exclusive to a single patch; Corral Creek also contains Clone 5 which is significantly different
from all other clones in the region. Corral Dome possesses the greatest diversity of all
populations, containing 26 unique clones. Corral Dome is also unique in that patches at the
population all possess unique clones and share clones indicating that, at least, limited transfer of
bulbils between patches is occurring.
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The only metapopulation dynamics observed in this study is the sharing of Clone 28
among each of the Southern populations and shared clones among patches at Corral Dome.
Corral Creek contrarily shows no evidence of metapopulation dynamics as each patch at the
population is composed of a unique clone. All other populations were monoclonal so movement
of individuals could not be observed. These results support previous claims that Corral Dome is
capable of metapopulation dynamics (Beardsley, 2017), and that effectiveness of the assumed
primary dispersal mechanism (water moving bulbils) is limited.
Conservation Implications and
Management Suggestions
The most obvious, and easy to implement, management recommendation suggested by
the data is to separate the populations into three major management regions (North, Central, and
South); further, the Central region should be split into population pairs corresponding to shared
clones and land managers (Table 5). Concerning conservation priority, the South region holds
the vast majority of genetic diversity and should be the number one conservation target.
Specifically, conservation of Corral Dome is the top priority as it possesses the greatest amount
of genetic diversity; Corral Creek is the penultimate priority as it possesses a moderate amount
of diversity but more importantly contains Clone 5 which represents a unique genotype
significantly different from other clones (Table 2, Figure 12). At minimum, at least one
population from each of the population pairs in the Central region should conserved in order to
capture the diversity of both clones found in the region, and at least one population in the North
region should be conserved so that Clone 1 is represented (Table 2). Protection of North Inlet
specifically in the North region would be wise considering it possessed the sole representative of
Clone 2 (Table 2). Since the North populations possess split management, each land manager
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taking efforts to protect at least one of their respective populations would ensure that the
effective diversity of the North region is conserved.

Table 5
Recommended Management Units for All Known Mimulus gemmiparus Populations Based on
Geographic Region and Manager
Population
Region
Manager
North Inlet
Rocky Mountain National Park
East Inlet
North
Saint Vrain
Arapahoe-Roosevelt National Forest
Pleasant Valley
Guanella Pass
Central1
Pike-San Isabel National Forest
Geneva Basin
Black Mountain
Central2
Staunton State Park
Elk Creek
Hankin’s Gulch
Corral Dome
South
Pike-San Isabel National Forest
Corral Creek
Note. Central1 and Central2 split based on the presence of different clones and land manager.

There are three primary threats that are recognized for M. gemmiparus: small and
isolated populations, recreation, and climate change (Beatty et al., 2003; USFWS, 2020b). Other
than determination of what populations are of highest conservation priority, genetic data does
little to remediate the issue of small and isolated populations. However, introduction projects
have already been conducted with the goal of increasing the number of M. gemmiparus
populations and to augment population size (via increased number of patches) (Beardsley, 2017;
USFWS, 2020b). New knowledge of genetic diversity and structure can inform future
introduction activities with determination of appropriate genetic stock for each region and with
what clones are in the greatest need of increased representation. For example, there is not an
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urgent need to create more patches of Clone 1 in the North region; however, there might be a
desire to increase the representation of Clone 5 in the South region since it is extremely unique
and only represented from a single patch at Corral Creek.
Recreation has been a concern for a couple populations of M. gemmiparus which occur
near hiking trails, potential bouldering locations, and near roads (Beatty et al., 2003; USFWS,
2020b). Hankin’s Gulch, where recreation related disturbance has been observed to directly
impact the M. gemmiparus population, is not overly concerning considering the patch is entirely
composed of Clone 28 which can also be found at Corral Creek and Corral Dome. Likewise, the
Hankin's Gulch population has persisted despite several incidents of human caused disturbance
in the past, so the population seems resilient to some degree of disturbance. North and East Inlet
also occur near hiking trails, but since all individuals in the North region are essentially the same
clone, management actions to divert trails are not warranted to conserve genetic diversity. Some
concern for recreation related threats at Elk Creek and Black Mountain exist due to proximity of
patches to a waterfall and potential bouldering sites. Both of these populations are relatively
small and solely represent Clone 4 (Table 2), so significant damage to either, or both, of these
populations would reduce the redundancy of the clone or could lead to extirpation. Of all the
populations which might be impacted by recreation, concerns for Black Mountain and Elk Creek
appear to be the most valid; it would be wise to ensure that these populations remain undisturbed
from recreation.
Climate change poses a significant threat to M. gemmiparus as it could change
environmental conditions, alter hydrology, and increase wildfire disturbance (USFWS, 2020b).
Changing environmental conditions or altered hydrology brought about by climate change are
not issues which can directly be addressed by management; appropriate measures against these
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threats is most likely ex situ conservation and founding of new populations. Similarly, fire
disturbance is difficult to prevent; however, several populations which have been in close
proximity of wildfires do not seem to have been significantly impacted. Hankin’s Gulch, Corral
Dome, and Corral Creek were all in the area burned in the Hayman (2002) fire and do not seem
to have been significantly impacted by fire damage or by floods following the fire (Beardsley &
Steingraeber, 2013). More recently, North Inlet was located within the boundaries of the East
Troublesome fire (2020); however, no immediate consequences to the population were observed
(Personal observation, June, 2021). While fire could indirectly cause changes to hydrological
conditions in the future, fire has not seemed to have a significant impact on any of the
populations as of yet. There is a chance that the habitat requirement of M. gemmiparus (moist
seeps protected by rocky overhangs) insulate populations from the fire threat.
Mentioned above, ex situ conservation could be an effective conservation approach for
this species. Bulbils can be gathered from natural populations and grown in the greenhouse as a
means of genetic banking. The North and Central regions could basically be fully represented in
a greenhouse with 3 plants – a plant from Clone 1, Clone 3, and Clone 4. While it would be nice
to get full coverage of clones in the South, if only a subset of clones are chosen, Clones 5 and 28
should definitely be included. Clone 5 is significantly different than all other clones in the South
so its diversity should be conserved, and Clone 28 is shared across all three populations so it
would provide good genetic stock for all three of the South populations should restoration efforts
ever become necessary. In a similar vein, it would also be possible, given that sexual
reproduction has been successful in greenhouse conditions, to bank seeds from greenhouse plants
for long-term storage.
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Speaking purely in terms of the genetic condition of M. gemmiparus, it is my personal
opinion that that M. gemmiparus should be reconsidered for listing under the ESA. The entire
range is effectively composed of 33 genetic individuals resulting in poor evolutionary potential.
Similarly, the distribution of genetic diversity is extremely uneven, which leaves the North and
Central populations with an even poorer potential to respond to changing environmental
conditions. If climate change, for example, altered environmental conditions in the Northern
region in a way which was unsuitable for Clone 1, the entire region could respond poorly. If the
change was so intolerable that Clone 1 could no longer survive in the North, 4 populations would
be lost; this would significantly decrease the total number of populations and drastically reduce
the total range of the species. Similarly, if some disturbance event happened, for instance if the
Hayman fire wiped out Corral Dome, the total number of genetic individuals for M. gemmiparus
would go from 33 to 8. If Corral Creek was also eliminated by the same disturbance event, total
unique genets would drop further to 5 genetic individuals (one of which is Clone 2 which was
only found once). Further, there is no population connectivity across regions, so the probability
that natural movement of bulbils from one region to another to regenerate lost populations is
null. Within region movement cannot be assessed for North populations and is shown not to
occur between the population pairs in the Central region. The South region has evidence of
historic colonization among population seen in the sharing of Clone 28, but movement does not
seem to be happening frequently as Corral Dome and Corral Creek are both, otherwise,
composed of entirely unique clones.
Limitations
Although necessary to assign clones, determination of an allowable amount of variation
(threshold) between ramets belonging to a genet is somewhat arbitrary. Several different
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methods exist to aid in estimation of the correct threshold; however, there is no consensus on
what method is best and many require specific dataset constraints, such as no missing data for all
loci, which can eliminate large portions of data from analysis. Despite the specific method used
to arrive at a threshold, threshold placement nearly always falls somewhere between the first two
peaks of a frequency distribution of pairwise genetic differences (Amor et al., 2020; Burrell et
al., 2015; Tsujimoto et al., 2020). For this study, placing the threshold directly after the first peak
would result in 38 assigned clones while placing it directly before the second peak would result
in 30 assigned clones. Although the difference of eight assigned clones is seemingly minimal,
changes in the number clones found can alter the perception of genetic diversity and structure.
Another limitation of the study was the sample size for Corral Dome and Corral Creek.
Because these populations contained significantly more diversity than all other populations, a
greater number of samples for each patch would ensure that, if present, more diversity was
captured for analysis. While the sample size here was sufficient to describe major patterns of
diversity, a more thorough sampling of patches is most likely required to fully capture the full
range of genetic diversity and fully explain metapopulation dynamics of patches.
Finally, an analysis which estimated the rate of mutation for the species would have been
helpful for several reasons. Foremost, knowledge of mutation rate is useful for management
decisions on a theoretical basis because high mutation rates can result in higher than expected
genetic diversity in clones, but could also increase the speed at which the ill effects of mutational
load (Muller’s ratchet) impact the species. Additionally, knowledge on the rate of mutation can
help estimate the time between dispersal events and potentially help predict length of time until
monoclonal populations begin diversifying.
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